Purpose: We present a novel method for treatment of locally recurrent prostate cancer (PCa) following radiation therapy: focal, multimodal image guided high-dose-rate (HDR) brachytherapy.
Purpose
Biochemical recurrence (BCR) after primary or adjuvant radiotherapy (RT) for prostate cancer (PCa) remains still a significant problem. Recurrence rates between 15-20% in low-risk patients and up to 40% in high-risk patients after primary low-dose-rate brachytherapy (LDR-BT) or primary intensity modulated radiotherapy (IMRT) are reported [1, 2] . Recently, Stone et al. showed that recurrence rate after primary LDR-BT is dose dependent [3] . Zelefsky et al. showed that 15-20% of patients treated with dose escalated external beam RT have residual disease [4] .
Rising prostate specific antigen (PSA) serum level suggests recurrent disease but fails to specify the localization. Multiparametric magnetic resonance imaging (mp-MRI) [5] , choline, or prostate specific membrane antigen (PSMA) positron emission tomography combined with computed tomography (PET/CT) [6, 7] , and MR-lymphangiography [8] can identify local recurrent PCa. Targeted biopsies should be performed for validating the imaging based target lesions. Especially mpMRI-guided biopsies revealed promising results in detection of recurrent PCa after RT, showing higher detection rates of significant PCa compared to randomly assigned biopsies [9, 10] .
The aim of salvage RT is local PCa control and minimal side effects [11] . Mortality is decreased in patients receiving salvage therapy (7%), whereas 25% of patients die without salvage therapy [12] . Prognostic factors, such as PSA doubling time, initial T-status, Gleason score, patient life expectancy, urinary function, and disease free interval, serve as selecting criteria for salvage therapy [13, 14] . Several local treatment modalities have been evaluated as potentially curative options for localized recurrences: cryotherapy [15] , radical prostatectomy [16] , high-intensity focused ultrasound (HIFU) [17] , stereotactic RT [18] , and LDR-BT or high-dose-rate BT (HDR-BT) [19, 20, 21] .
Even though long biochemical free survival intervals have been reported for salvage BT, increased toxicity has been detected as well in the salvage setting when compared to primary therapy [22, 23] . Thus, the concept of partial gland or focal BT on recurrent PCa evolved. First studies showed promising results using focal salvage LDR-BT [24, 25] . Target volume for dose delivery was defined by combining mpMRI and transrectal ultrasonography (TRUS) biopsies, or by combining transperineal TRUS biopsies and low dose areas of previous RT. Recently, Yamada et al. supposed 3D-mapping based on previously performed mpMRI-guided transperineal TRUS biopsies as a guidance tool for focal LDR-BT on recurrent PCa [22] .
This work presents a new method for salvage therapy in only local recurrent PCa: single fraction HDR-BT for multimodal image defined recurrent PCa.
Material and methods

Patient selection
Two patients were presented with biochemical failure according to Phoenix criteria [26] . The patients fulfilled following criteria: functional (mpMRI) and molecular imaging ( 18 F-choline PET/CT or PSMA PET/CT, using the ligand 68 Ga-HBED-CC-PSMA [27] ), revealed a single lesion without metastatic disease, ECOG performance status 0, rectoscopy showed no/mild proctitis, no urethral constriction, and external beam radiation therapy was over 5 years ago. The patients has given a written consent prior to any intervention.
Targeted transperineal transrectal ultrasonography biopsy
One patient underwent MRI-guided transperineal TRUS biopsy, and in one patient choline PET/CT guided transperineal TRUS biopsy was performed. Gross tumor volumes for targeted biopsies were delineated according to Zamboglou et al. [28] in iPlan (iPLan RT Image 4.1.2., Brainlab, Germany). The iPlan software contains a SUV-thresholding tool, which was mandatory for delineation of GTV-PET according to our clinical protocol. Possible co-registration uncertainties between CT or MRI and TRUS images were accounted for by GTV enlargement by a 5 mm isotropic margin to create the planning target volume (PTV). The T2w MRI or CT images with delineated GTVs and PTVs were transferred via DICOM to Oncentra Prostate intraoperative real-time planning system (OcP, Version 4.2.21, Elekta Brachytherapy, The Netherlands). The prostate gland and the rectum were delineated in OcP by an experienced radiation oncologist.
All biopsies were performed in general anesthesia and in lithotomy position. A TRUS biplane probe (Pro Focus Ultra View 2202, BK Medical, Denmark), which is registered to a template biopsy system and the OcP was placed transrectally. Using a stepper device with electronic tracking of rotation and translation, a 3D image set of the prostate was generated in OcP. Computed tomography or MRI (T2w) data with defined GTVs and PTVs were manually registered to TRUS data by urologist and radiation oncologist in consensus. For alignment of the prostatic gland in TRUS and CT/MR images, the delineated contours of rectum and prostate (patient 1) or tumoral mass (patient 2) served as orientation in 3 dimensions. In the first step, the contoured rectum in CT/MRI was used for alignment with the TRUS images in the Z-axis. The contoured prostatic gland/tumoral mass guided further alignment between MRI/CT and TRUS in the X-and Y-axis. Rotations in all 3 dimensions were implemented in the final registration step. No scaling of the prostate/tumoral mass in MRI/CT or TRUS was performed during registration process. Subsequently, needle positioning for targeted and systematic biopsies was planned. A standard HDR-BT template (GfM, Germany) was used. The needle positions were 2.5 mm apart. Two brachytherapy needles were inserted to stabilize the position of prostate during biopsy. To exclude a shift of prostate/tumoral mass during preplanning procedure, visual re-assessment of registration between CT/MRI and TRUS was performed, taking into account the contours of rectum and prostate/tumoral mass. Insertion and positioning of biopsy needles was done under live sagittal TRUS imaging until correct positions were reached. Biopsy cores were labelled and processed according to routine procedure at our clinic.
Focal high-dose-rate brachytherapy
For HDR-BT, the same technique as for targeted transperineal biopsies was used. Multimodal image co-registration, GTV delineation, and expansion to PTVs were done in iPlan. Subsequently, the preplanning, transperineal implantation of the steel needles (1.5 mm diameter) using live TRUS guidance, and intraoperative treatment planning were performed in OcP [29] . Five (patient 1) and seven (patient 2) brachytherapy needles, respectively, were inserted to cover the entire PTV using an 192 Ir HDR afterloading system (microSelectron-HDR, Digital Version 3, Elekta Brachytherapy, The Netherlands). Brachytherapy was performed with an aimed prescription dose of 18 Gy, according to [30, 31] . The EQD2 equieffective dose [32] of a 18 Gy single fraction based on the AAPM guidelines [33] is 75.6 Gy using an α/β value of 3.0 Gy. Individually planned D 90 was 16.4 Gy and 23.7 Gy, respectively (91% and 131% of aimed prescription dose) ( Table 1) . Dose restrictions for rectum and urethra were modified to Yamada et al. [21] , where in maximum 120% and 100% of reference prescription dose was tolerated to the urethra and rectum, respective-ly. Dose-volume histogram-based optimization (DVHO) inverse planning was used in OcP (Table 2 ).
Case reports
Patient 1
In May 2008, a 70 year old patient was presented with histological confirmed PCa (Gleason score 6), TNM-status pT1b cNx cMx (negative bone scan), and serum PSA level 9.39 ng/ml for primary RT. From July till September 2008, 74 Gy in 2 Gy fractions were delivered. In March 2014, the patient presented PSA serum level of 4.14 ng/ ml. 18 F-choline PET/CT and mpMRI revealed PCa in the right prostatic lobe, no metastatic disease was detected. Between March and August 2014, 2 trans-rectal biopsies failed to detect PCa. Stable disease occurred in a second choline PET/CT examination in December 2014. Choline PET/CT guided biopsy was performed in February 2015.
Histological analysis revealed PCa (Gleason score 8) in 4 of 9 targeted-biopsy cores, whereas in 10 randomly assigned probes no PCa was described. In April 2015, multiparametric 3 tesla-MRI depicted only the histological confirmed lesion. Androgen deprivation therapy was offered but patient refused due to possible toxicity.
Before HDR-BT, an experienced nuclear physician, radiologist, and radiation oncologist delineated gross tumor volume (GTV) based on choline PET (GTV-PET) and mpMRI (GTV-MRI) in consensus. Both GTVs were enlarged by applying 5 mm isotropic margins to create planning target volume (PTV) in iPlan ( Figure 1 ). All single PTVs were then merged to a single PTV (volume 5.62 cm³). In April 2015, the patient presented serum PSA level of 5.65 ng/ml for focal HDR-BT. A D90 of 16.4 Gy was planned in one fraction (Figure 2) . In June 2015, the patient was presented for first follow-up with PSA serum-level 0.67 ng/ml. According to RTOG late radiation 
PTV -planning target volume, MRI -magnetic resonance imaging, PET -positron emission tomography, US -ultrasonography, OAR -organ at risk
Patient 2
In July 2006, a 59 year old patient was presented for primary treatment. Radical prostatectomy was performed for primary PCa (pT3b cN0 cM0, Gleason score 9). Subsequently, androgen deprivation therapy with flutamide and LHRH analogues was given. From September till November 2006, adjuvant external beam radiation therapy was performed, delivering 64 Gy in 2 Gy. In May 2015, the patient had PSA 3.07 ng/ml. PSMA PET/ CT and mpMRI depicted a tumoral mass with high spatial conformity, suspected for recurrent PCa (Figure 4) . GTV-delineation for biopsy and for focal HDR-BT was based on PET and MRI images. MpMRI-guided transperineal biopsy was performed in November 2015 with 4 from 4 targeted biopsy cores positive for PCa (Gleason score was not determinable). Using single-fraction focal HDR-BT, a D90 of 23.7 Gy was planned to the PTV (GTV + 5 mm, 1.16 cm³) (Figure 2) . No acute toxicity occurred. In January 2016, the patient presented for first follow-up with PSA serum-level 1.25 ng/ml, which was stable in March 2016. No GI and no GU toxicity was reported. Erectile function was constantly restricted after prostatectomy.
Discussion
Patients with locoregional recurrent PCa after external RT may be cured. Thus, the need for a precise and secure salvage treatment option has gained interest in the past years. In this work, we present a new method for treatment of locally recurrent PCa: single dose HDR-BT for multimodal guided and targeted biopsy confirmed PCa. MpMRI and 18 F-choline PET/CT or PSMA PET/CT depicted a single lesion of recurrent PC in each patient. MRI/PET guided transperineal biopsy confirmed the single lesion. The prescription dose defined as D 90 of 18 Gy was planned in 16.4 and 23.7 Gy to multimodal (PET and MRI) delineated GTVs using HDR-BT in one fraction. No biochemical failure occurred and treatment was well tolerated.
We would like to address further possible improvement of our presented methodology. Molecular imaging was performed using choline PET/CT (patient 1) or PSMA PET/CT (patient 2). Cimitan et al. reported that the detection rate for 18 C-choline-PET/CT in patients with recurrent PCa and Gleason score > 7 was 91%, when PSA values were > 2 ng/ml. However, Grosu et al., proved that choline PET/CT failed to distinguish PCa from non-tumoral tissue in most of the patients with primary PCa using PET with histology co-registration [34] . Furthermore, several groups could show that PSMA PET/ CT may offer superior performance in detection of recurrent PCa compared to choline PET/CT [35, 36] . Thus, we suggest using PSMA PET/CT instead of choline PET/CT for target delineation. Although we used a well-established RT-planning software (iPlan), inaccuracy in co-registration between PET, CT, and mpMRI images occurred. It is well known that the prostate undergoes constantly changes in size (up to 10%) and location (up to 5 mm) due to bowel and bladder movement [37] . Thus, co-registration between CT and PET or MRI can be impeded due to different acquisition times between the imaging modalities. Additionally, CT images suffer from lower soft tissue contrast compared to MRI. This leads to reduced depiction of the prostatic gland, especially in the apex due to its close proximity to the pelvic floor muscles [38, 39] . This may lead to decreased performance of manual and software based co-registration between MRI and CT images of the prostatic gland. The usage of integrated PET/MRI-systems may decrease this uncertainty [40] . Additionally, co-registration between MRI/CT and TRUS images for biopsy and for HDR-BT was performed manually by visual control. Radtke et al. shows promising results in image fusion between MR and TRUS images . 3 . Follow-up multiparametric magnetic resonance imaging (mpMRI). MpMRI before (left) and 2 months after (right) focal high-dose-rate brachytherapy in patient 1. T2w images: after HDR-BT recurrent prostate cancer (PCa) was stable in size but demarcation increased (white arrows). Diffusion weighted imaging (DWI) (ADC-map): before brachytherapy (BT) diffusion restriction was observed (white arrows), which decreased after BT. dynamic contrast-enhanced (DCE) imaging: pre-BT contrast enhancement (white arrows) diminished after BT T2W DWI DCE using non-rigid, elastical registration for MRI-targeted biopsies [41] . Typical changes in prostatic shape are caused mechanically by the TRUS probe insertion in the rectum and the pressure required for assuring an adequate acoustic coupling for the TRUS imaging. In performing mpMRI and PET/CT in our study, no endorectal coil was used. Thus, during pre-therapeutical imaging, no mechanical deformation of the prostate occurred. A transrectal dummy may be used to simulate the TRUS probe during MRI or PET/CT scans [42] . In our study, we conducted a MRI-and PET-guided TRUS biopsy before BT. The usage of a 3D-documented biopsy mapping tech- nology may provide additional security in repositioning the BT needles within the biopsy confirmed GTV [43] . For that purpose, a more sophisticated and dedicated image guided biopsy system such BiopSee ® (MedCom GmbH, Germany) should be considered. Taking into account all those inaccuracies, we applied a 5 mm isotropic margin to extract PTV out of GTV.
Huang et al. proved that a significant portion of recurrent PCa after irradiation are distributed in regions of the prostate (apical and periurethral), which are at risk for undertreatment using focal ablative therapies [44] . Our group could show that mpMRI and PSMA PET/CT presented conflicting results for GTV-delineation in patients with primary prostate cancer [28] . Recently, Eiber et al. reported improved localization of primary PCa when imaging was performed with PSMA PET/MRI [45] . Such findings outline the importance of pre-salvage diagnostic imaging and pre-salvage biopsy. Using the combination of molecular (PET) and functional imaging (MRI) followed by guided transperineal biopsy, high PCa detection rates should be achieved. In the case of multimodal confirmed localized PCa, we believe that focal single dose HDR-BT may provide a promising tool in treatment of recurrent PCa after RT. Several studies showed the feasibility of whole gland HDR-BT for recurrent PCa after RT using multiple fractions [46] . However, due to the proximity to rectum and bladder, the opportunity to escalate the treatment doses to an already irradiated prostatic gland is impeded and higher complication rates for salvage BT compared to first line BT have been reported [23] . There is a growing evidence that local control of PCa is dose dependent and increases with hypofractionation [3, 31, 47] . Additionally, multiple fractions of HDR-BT increase the risk of peri-BT complications caused by mechanical irritation during needle and TRUS-probe insertion. Thus, the potential advantage of focal HDR-BT is the delivery of a high-dose in a single fraction without increasing the toxicity. Future studies have to address the important question of patient selection. Positively selected patients may have a chance for cure. On the other hand, toxicity rates are higher in salvage therapy compared to primary RT [21] . Furthermore, the role of simultaneous or adjuvant androgen deprivation therapy has to be defined. In current literature, no conclusive data is available [3, 11, 22, 24] . Patients with only locally recurrent PCa could harbor a different cancer phenotype. Thus, the benefit of hormones could be less than in patients with locally advanced disease at baseline, which suffer from an increased risk of microscopic occult metastatic PCa [11] .
Conclusions
In this methodology report, we presented a new approach for focal, single dose HDR-BT re-irradiation of locally recurrent PCa. Focal HDR-BT on a multimodal defined GTV may provide a strong tool for a selected subgroup of patients, and may offer a possibility for cure with a low toxicity profile. Further studies have to evaluate the role of this new technique.
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